Introduction
The etiologic relationship between chronic hepatitis B virus (HBV*) infection and hepatocellular carcinoma (HCC) has been well established (1). The woodchuck hepatitis virus (WHV), a mammalian hepadnavirus closely related to HBV, induced HCC in 100% of woodchucks that became chronic WHV-carriers within 3 years following experimental neonatal infection (2) . The high frequency and short time to onset of HCC in this animal model are advantageous in the analysis of the hepatocarcinogenic potential of WHV in vivo. However, a complementary in vitro model would be highly desirable to delineate the mechanisms by which the virus interacts at the cellular level to initiate this process.
In the rat hepatocyte culture model, several procedures have yielded immortalized but not transformed hepatic cell lines (3) . Advancements in the primary culture of hepatocytes has also led to the establishment and transformation of primate hepatocytes (4, 5) . Recent investigations have examined the cooperative effects of complementary oncogenes on trans-
•Abbreviations: HBV, hepatitis B virus; HCC, hepatocellular carcinoma; WHV, woodchuck hepatitis virus; SV40 T-ag, simian virus 40 T antigen; CM, conventional media; FBS, fetal bovine serum; SCID, severe combined immunodeficient; SDS, sodium dodecyl sulfate.
formation events in hepatocytes (6) . It has been suggested that these systems may serve as tools to examine the role of hepadnaviruses in hepatocarcinogenic events in vitro (7, 8) . The hepadnavirus family of animal viruses, the prototype of which is human HBV, exhibits hepatotrophism in regard to their replication and species restriction in regard to their oncogenic potential (9) . We are now developing a homologous system whereby the hepatocarcinogenic events associated with WHV infection may be investigated in vitro, using the woodchuck hepatocyte culture model.
Initially, we demonstrated that differentiated woodchuck hepatocytes can be maintained in a conventional, serumcontaining medium and found that chronic WHV-infected hepatocytes produce the free radical nitric oxide and hepatocarcinogenic nitrosamines above constitutive levels found in normal, uninfected hepatocytes in culture (10). This data confirmed earlier observations in vivo indicating a possible hepatocarcinogenic role of endogenously formed nitric oxide in chronic viral infection of the liver (11). Subsequently, we established a series of immortalized primary woodchuck hepatocyte lines employing the simian virus 40 T antigen (SV40 T-ag) oncogene (12) , several of which have been instrumental in defining intrinsic biochemical processes of the hepatocyte (13) .
In an assay for growth in soft agar 18 of 21 hepatic cell lines produced using the SV40 T-ag exhibited anchorage independent growth indicative of a fully transformed state. Three woodchuck hepatic cell lines that were immortalized using the SV40 T-ag were not capable of anchorage independent growth. In the studies described below, these immortalized woodchuck hepatic cell lines have been fully transformed by the c-Ha-ras proto-oncogene. This woodchuck hepatocyte transformation assay may be of value in the elucidation of the role WHV genes and associated regulatory factors play in the process of hepatocarcinogenesis.
Materials and methods

Cell lines
The generation of SV40 T-ag immortalized woodchuck hepatic cell lines has been described previously (12) . The cell lines used in this study were derived from normal adult woodchucks (HTA from WC3239; T, v from WC327I; Tag 2 and AFB from WC2628). These cell lines have been adapted to growth on plastic (Falcon Primana, Becton Dickinson, Oxnard, CA) and subcultured with a trypsin (0.059EJ)/EDTA (0.25%) solution for dissociation. The woodchuck cell lines were maintained in complete media (CM), the components of which have been described elsewhere (12) . The NIH 3T3 mouse fibroblast cell line was obtained from the American Type Culture Collection (ATCC, Rockville, MD) and maintained in Dulbecco's modified essential media (Life Technologies, Gaithersburg, MD) supplemented with 10% fetal bovine serum (FBS) and used as a control. Cell lines were preserved in CM supplemented with 10* dimethyl sulfoxide and frozen under liquid N 2 .
Transfection procedure All cells were passaged when 80* confluent and seeded at a density of I X 10 4 cells per cm 2 . Sixteen hours after passage, DNA was introduced into the cells by liposome mediated fusion (Lipofectin", Life Technologies) (14) . The plasmid construct carrying the c-Ha-roi oncogene was obtained from the ATCC designated pUCEJ6.6 (ATCC#4l028). The plasmid DNA (1-10 u.g) hposome mixture was added to the cultures in 1.5 ml CM without serum and incubated for 6 h The transfection mix was removed and cultures were incubated an additional 48-72 h with CM.
Soft agar assay
The soft agar assay used to assess the transformed phenotype was performed as described by MacPhearson and Montagnier (15) with the following modifications. After transfection (48-72 h), the cells were subcultured 1:3 in CM supplemented with 0.3% Noble-agar (Difco. Detroit. Ml). The cell suspensions (1.5 ml) were layered onto 2 ml of CM supplemented with 0.5% Noble-agar. Cultures were refed at 10-day intervals with 1.5 ml CM supplemented with 0.3% Noble-agar. Macroscopic colonies were observed at 15 days post seeding and subcloned by day 30. For subcloning, a sterile pasteur pipet was used to remove and transfer colonies from the soft agar matrix to a 1.8 cm 2 well for expansion as a derivative cell line.
Immunoblol analysis
Parental cell lines and transformed derivatives were analyzed by immunoblot procedure to detect the c-Ha-ras oncoprotein (p21™ s ). Cell monolayers were extracted with electrophoresis sample buffer containing 4% sodium dodecyl sulfate (SDS). 4% 2-mercaptoethanol, 4% glycerol, and 50 mM Tris. Proteins were separated by 12% SDS-polyacrylamide gel electrophoresis, transferred electrophorectically to PVDF membranes (Immubilon-P, Millipore, Bedford. MA) and detected immunologically by chemiluminescence (16) (17) (18) . The primary antibody was a mouse monoclonal specific for c-Ha-ras (F235-I.I.I, Oncogene Science, UniondaJe, NY). A goat antibody to mouse IgG conjugated with alkaline phosphatase (Cappel, Organon Teknika, Durham. NC) was used to amplify the signal. Membranes were saturated in luminescent substrate (LumiPhos530. Boehringer Mannheim, Indianapolis, IN) and autoradiographed on XAR-5 film (Kodak, Rochester, NY) at 37°C.
Nucleic acid hybridization
Standard methods were used for isolation and anaJysis of cellular DNA (19). Total cellular RNA was isolated from confluent cell cultures and purified by acid quanidium thiocyanate-phenol-chloroform extraction followed by ethanol precipitation (20) . RNA samples were subjected to denaturing agarose gel electrophoresis in 2.2 M formaldehyde. Nucleic acids were transferred by capillary blot to nylon membranes (GeneScreenPlus; NEN Boston. MA).
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Hybridizations were performed in 7% SDS, 0.25 M NaH 2 PO 4 , and imM EDTA at 65°C using [ 
Tumorigemcity assay
Severe combined immunodeficient mice (SCID) 4 to 6 weeks old. also lacking natural killer cell activity (outbred NIH-3, Taconic, Germantown. NY), were used for these studies (21) . Cell lines were dissociated from culture and resuspended to 10 6 cells/100 |il in sterile phosphate buffered saline. Cell suspensions were injected subcutaneously into the mice over the subscapular region. Mice were monitored by palpation for tumor formation at 3-day intervals during the following 12 weeks. Mice were killed when tumor nodules were I cm in diameter. Tumor samples were fixed in 10% buffered formalin, imbedded in parafilm, sectioned and stained with hematoxylin and eosin prior microscopic examination.
Results
Characterization of c-Ha-ras transformed cells
A total of twenty-one SV40 T-ag immortalized woodchuck hepatic cell lines were assayed for growth in soft agar. Of these, two parental cell lines AFB and T| V did not grow in soft agar. A third, the HTA cell line formed small microscopic clusters of cells but did not develop macroscopic foci ( Figure 1A ). These three cell lines were considered not to be fully transformed. The Tag 2 cell line did exhibit the capacity to grow in soft agar and was considered fully transformed.
After transfection of the parental cell lines AFB, T IV , and HTA with the c-Ha-ras oncogene macroscopic foci were observed on day 15 following plating in soft agar ( Figure IB highly vacuolated and did not reach confluency when grown at high cell density ( Figure ID) . When grown at a low cell density these transformed woodchuck hepatic cells exhibited a ragged and swollen cytoplasm with protruding arms. NIH 3T3 cells transformed with c-Ha-ras differed from the transformed woodchuck hepatic cells, the former characteristically exhibiting no contact inhibition after transformation.
Subclones derived from the ras-transformed hepatic cells were analyzed for ras gene expression (Figure 2) . Expression of p21 ras was demonstrated by an immunoblot procedure on cell extracts of the ras-transformed NIH 3T3, HTA, T rv and AFB cell lines, and not detected in the corresponding parental cell line extracts (Figure 2A ). Northern blot analysis confirmed at the transcriptional level ras gene expression in the transformed cells but not in the parental cell lines ( Figure 2B) . Results of immunoblot and Northern blot assays showed 71% (10/14) of the HTA, 80% (8/10) of the T IV and 63% (5/8) of the AFB transformants were positive for ras gene expression. We did not compare the integrated state of the ras protooncogene in the subclones that expressed or did not express c-Ha-ra.?. We did however, study the oncogenic capacity of subclones HTA-7, T,^8,and AFB-1, which were selected on the basis of both ras RNA and protein expression.
To further characterize the ros-transformed cells, their growth rate was measured while the cells were cultured in medium containing 5% serum or 1% serum. The growth rate of the parental woodchuck hepatic cell lines exceeded that of the ras-transformed hepatic cells under standard conditions (data not shown) possibly reflecting the lack of capacity of mama* 
Tumorigenicity of the c-Ha-ras transformed cells
The three parental woodchuck hepatic cell lines and one representative ras-transformed subclone of each, were injected into SCID mice to determine whether the transformed status demonstrated in vitro correlated with tumorigenic potential in vivo (Table I ). The parental cell lines T 1V and AFB, and the NTH 3T3 cells had not formed tumors 11 weeks after injection. However, the HTA parental cell line was found to be slightly 634 tumorigenic. Small nodules were detected in two of three mice 4 weeks following injection with parental HTA cells. These tumors were 0.75 cm in diameter after 11 weeks. Similar results were observed with the Tag 2 cell line which based on growth in soft agar was considered fully transformed. A tumor nodule was detected within 2 weeks after injection of the Tag 2 cells into a SCID mouse and the resulting tumor nodule was 0.68 cm in diameter after 11 weeks.
The ras-transformed subclones, designated HTA-7, T IV -S, and AFB-1 exhibited a high incidence of tumor formation upon injection into SCID mice (Table I ). The ray-transformed woodchuck hepatic cells produced detectable tumors within 3 weeks. The ras-transformed hepatic cells required 7 weeks or more to reach a diameter of 1 cm. In comparison, rastransformed NIH 3T3 cells induced tumors palpable within 1 week after injection into SCID mice and grew to 1 cm diameter within 2 weeks.
Linear regression analysis was performed to compare tumor growth rates (Figure 3 ). The growth rates of tumors derived from the tumorigenic parental cell lines Tag 2 and HTA increased in volume at a calculated rate of 1.15 and 2.95 mmVday (R 2 = 0.7736, P < 0.0001), respectively. The growth rate of tumors derived from the ray-transformed hepatic cell lines were as follows; AFB-1 13.1 mm Figure 4B ). Tumors derived from the r<zy-transformed hepatic cell lines were more anaplastic in appearance with pleomorphic nuclei, having characteristics of less well differentiated HCC ( Figure 4C ). These tumors sometimes exhibited macrovesicular and microvesicular fatty metamorphosis and often contained areas of necrosis.
The clonality of the tumors was determined by analysis of the c-Ha-ray DNA by Southern blot hybridization of total cellular DNA isolated from the parental cell lines, from the ray-transformed subclones, and from the tumors induced in SCID mice by the subcloned cells. The analyses demonstrated that the parental cell lines did not contain related c-Ha-roy sequences ( Figure 5 ). Tumors induced by the parental cell lines Tag 2 and HTA likewise did not contain related c-Haras sequences (data not shown). Digestion of cellular DNA isolated from the ray-transformed cells with the restriction endonuclease BamHI releases the c-Ha-ray gene insert from the vector sequences. This analysis revealed that the c-Ha-ras insert was intact in the transformed cells. Similarly, digestion of this DNA with Xhol which cuts once within the transfected pUCEJ6.6 plasmid shows DNA integration patterns. This analysis revealed that the integrated state of the c-Ha-ras DNA in the transformed hepatic cell lines was identical to that of tumors formed in SCID mice, suggestive of their clonal derivation. 
Discussion
Woodchuck hepatocytes were immortalized with the SV40 Tag oncogene and upon introduction of the c-Ha-ras protooncogene were converted to a fully transformed state. The defining characteristics of these ras-transformed cells were their capacity to form colonies in soft agar and to form tumors when injected into immunodeficient mice. These results are similar to observations reported with rat hepatocyte cultures in which identical oncogenes and proto-oncogenes were used to study hepatocarcinogenesis in vitro (7, 6) . Fang et al. (7) described two rat hepatocyte cell lines immortalized with the SV40 T-ag that exhibited no tumorigenicity or low tumorigenicity when injected into nude mice. Upon introduction of activated ras oncogenes, tumor incidence increased to a high frequency. Tumor formation in the fully transformed cells was characterized by short latency and rapid growth, results similar to those reported here in transformed woodchuck hepatic cell lines.
The parental woodchuck hepatic cell line T| V and AFB were not tumorigenic when injected into SCID mice. Introduction of the activated c-Ha-ras oncogene into these cells led to the formation of tumors characterized by a short latency period to tumor development. We also examined one cell line considered fully transformed (Tag 2) and one cell line found to be moderately tumorigenic (HTA). The growth rates of the tumors in SCID mice derived from these two parental cell lines were similar. Linear regression analysis showed that addition of the c-Ha-ras proto-oncogene to the HTA cell line increased the tumor growth rate, suggesting the ras oncogene contributes an additional tumor promoting growth element. In addition, the rate of tumor growth after ras-transformation appeared uniform, regardless of which parental cell line was used. The growth and development of the ras-transformed woodchuck hepatic cell tumors also were compared to NTH 3T3 cells transformed by ras under identical conditions. In this comparison, the hepatic cells had a longer latency period and exhibited a slower rate of tumor growth than ray-transformed NIH 3T3 cells.
Results described by Isom et al. (6) were similar regarding prolonged tumor latency in their ras-transformed rat hepatocytes. The tumor incidence for their cell lines was lower than that reported by Fang et al. (7) , or that observed using ros-transformed woodchuck hepatic cell lines. This may be attributable to the injection of the ras-transformed cells into syngeneic neonatal rats. The use of an immune competent animal model may have altered tumor growth and development due to immune recognition and clearance mechanisms.
There is convincing evidence that hepatocarcinogenesis is a multistage process (22) . In experimental chemical hepatocarcinogenesis, initiation of the carcinogenic process is followed by promotion or clonal expansion of initiated hepatocytes and by progression to malignant hepatic tumors. A similar process has been recognized morphologically during the course of both acquired (23) and experimentally induced WHV infection (24) . The direct etiologic role of WHV in hepatocarcinogenesis has been established experimentally in the host species (2). In reference to host genes involved with the carcinogenic process in the woodchuck, hepadnaviral integrations near the N-myc proto-oncogene have been found with high frequency (25, 26) .
An impediment to the full delineation of the role of hepadnaviruses in hepatocarcinogenesis has been the lack of an applicable hepatocyte culture model to examine the interaction between viral and host genes. The woodchuck hepatocyte culture model described in this report fulfills several criteria that are essential for such a model. First, in vitro models of carcinogenesis often require the involvement of two or more complementary genes before full transformation to the oncogenic phenotype. This is exemplified with transforming collaborations between ras and nuclear oncogenes (22) . We have demonstrated the immortalization of primary woodchuck hepatocytes with the SV40 T-ag and subsequent transformation of these cells with a c-Ha-ras proto-oncogene. Second, the cause and effect relationship observed in vivo should be measurable in vitro. In related work, we have demonstrated that hepatocyte cultures from chronic WHV-infected woodchucks produced significantly greater amounts of nitric oxide and nitrosamines in vitro than normal hepatocyte cultures (10), results similar to those previously reported in chronic WHV carrier woodchucks in vivo (11). Third, the viral and host genes to be studied in these models should be closely related, if not identical to, those that interact during the process of hepatocarcinogenesis in the natural host. This is particularly critical in relation to woodchuck hepatocarcinogenesis. WHV exhibits species restriction with respect to both its replication and oncogenicity (9, 27) . Furthermore, N-myc2, a retroposon that may have a critical role in woodchuck hepatocarcinogenesis, has been found only in the woodchuck and other members of the squirrel family (28) . It can be postulated that WHV, a DNA tumor virus, may possess one or more oncogenic sequences. Determining how such sequences contribute to the hepatocarcinogenic process may be possible by further study using the woodchuck hepatocyte culture model.
